This paper contains the results of the studies on the content of organic carbon in the initial soils formed from soilless formations reclaimed for forest management. The obtained data allowed for the assessment of the carbon resources in the organic layer and in the mineral layers close to the surface. It also allowed us to make models that enabled us to determine the main factors influencing the rate of the increase. The strongest influence on the carbon sequestration during the forest reclamation of soilless formations has their lithology (granulation) and species composition of the planted trees. The time and situation (on a slope or a horizontal surface) are less important. The calculated annual increase of carbon indicates that the period necessary to store carbon in reclaimed soils in the quantities similar to the ones occurring in the soils of a natural forest is more than 100 years.
Introduction
The management of soil organic carbon is regarded as a significant factor in the regulation of carbon dioxide balance on a global scale. The mechanism of C storage in soils involves the assimilation of atmospheric carbon dioxide by plants, its transformation into organic C of plant tissues, deposition in soils as litter or root exudates, and subsequent humification and retention in the soils as soil organic matter. According to recent estimations, soils constitute the largest terrestrial deposit of global carbon [1] [2] [3] . Therefore, sustainable agricultural and forest management is required to help protect the Earth's climate [4, 5] .
The sustainable management of the organic carbon in soils requires the knowledge on the size of the C deposit in soils and on the C accumulation rate. To assess the amount of C in soils, several models can be developed involving climatic, lithological, and typological factors as well as land use. The models assume that, at stabile climatic, lithological and typological factors, the C pool is generally constant (apart from seasonal changes). The change of C in soils is driven mainly by the change in land use [6] [7] [8] . The most drastic form of land-use change is taking soils for industrial or economic activity. Such a change of land use may cause the persistent liquidation of ecological functions and a total devastation of the soils, transforming the land into soilless barrens. Post-industrial barrens are often reclaimed for agriculture or forestry. The reclamation for agriculture or forestry requires the initiation of a soil-forming process. Recent studies indicate that the first stages of soil formation in reclaimed soilless areas are very dynamic; the initial organic matter-enriched horizons appear after a few years [9] [10] [11] [12] [13] .
The reclamation of soilless barrens gives us the opportunity to observe the accumulation rate of organic carbon, and the proper selection of objects allow for the assessment of the influence of lithological and morphological factors and the method of land use on this process. Collecting the proper data will allow for the improvement of the existing models and recommendations in the management of soils, guaranteeing their protection and, if possible, increasing the carbon content.
The studies were meant to define the conditions (lithological, morphological, and phytocoenotic) of the accumulation rate of organic carbon (SOC) in reclaimed soils made out of raw soilless formations as well as to assess its content.
Study Objects
The study was carried out at three post-mining areas: the dumps of the "Bełchatów" lignite mine, "Turów" lignite mine, and former "Machów" sulfur mine. The mineral background of these objects before reclamation did not contain soil organic carbon.
Methods

Soil Sampling
The sampling plots were chosen considering several factors, such as the textural type, composition and age of the tree stands as well as the situation in the area (slope-scarps, flat shelves, tops of the dumps). For each sampling plot, the species composition of the tree stand was recorded, and the height, forest crown cover, and diameters at breast height (DBH) of the trees were measured. The sample was taken by an increment borer to assess the ages of the trees. On each plot (10×10 m), five points were chosen in an "envelope" system, from which the first plant litter was taken from an area of 0.25 m 2 . After removing the litter, samples of the intact structure were taken in metal Eijkelkamp cylinders from depths of 0-5 cm and 5-10 cm, 10-20 cm and 20-40 cm, and (in the case of Turów) 40-55 cm.
Laboratory Analyses
The soil texture of the samples was determined hydrometrically (according to PN-ISO 11277:2005) . The content total nitrogen was according to Kjeldahl metod (Büchi, Kjelflex K-360). The pH of the samples was measured in 1 M KCl solution (soil:liquid ratio 1:5, w:v) with a digital pH-meter (Elemtron CPC-401). The bulk density based on the weight of samples of intact structure, taken in cylinders of a known volume (Kopecky's cylinders). The total carbon (TC) and inorganic carbon (IC) was determined on a CS elemental analyzer (ELTRA CS 500). The soil organic carbon (SOC) content was calculated by subtracting the content of inorganic C from the total C concentration of the material.
Sampling Points
Characteristics of the sampling points and the results of the field measurements are presented in Table 1 . 
Results
The overall results are shown in Figure 1 and Table 2 . 
Data Processing
Determining the SOC pool (the mass of the organic carbon per area unit) requires knowledge of the SOC content in the soil and the bulk density of the soil.
A part of the soil (a profile from below a depth of 10 cm) was sampled with the disturbance of the structure. To estimate the potential carbon stock below this depth, a model was constructed to allow for an estimation of the density in the lower layers of the soil. After tests with different models, one that was recognized as sufficiently good was obtained by the MARSpline (Multivariate Adaptive Regression Splines) algorithm [14] . This model included the total content of the organic carbon SOC [%], the content of the fine loam fraction 0.002 < φ < 0.006 mm [%], the content of the sand fraction 0.1 < φ < 1 mm [%], and its determination coefficient was R 2 = 0.77 (average co-efficient in five-fold validation R 2 = 0.69).
According to the carried-out observations, all of the studied soil materials contained a certain initial level of organic carbon of a geological origin [15] [16] [17] [18] . This pool should be subtracted from the present content of organic carbon, as it did not come from the current soil-forming processes.
Following the results of previous studies [9-11, 13, 19-24] , it was assumed that the processes of organic matter accumulation in mine soils reclaimed for forestry does not reach deeper than 30 cm. It was assumed that the content below this depth is an initial concentration for a given profile.
The dump materials of the "Turów" lignite mine are additionally enriched by the anthropogenic carbon coming from the power plant ash that was added to the dumped material. Its subtraction from the carbon accumulated as a result of the soil-forming processes requires a special algorithm. Having a relationship between the contents of C and N in the grounds without ash (Bełchatów and Machów), a model of neural networks was built. A module of the so-called Automated Neural Networks of the STA-TISTICA package was applied. A model consisted of five independently trained neural networks with the genetic selection of input features and mean content if indications as a model content. The individual networks (input: percentage of particular particle size fractions, the N and C content) were characterized by determination indexes for the validation set within a range of R 2 = 0.92-0.94. This model allowed for an estimation of the real increase of organic carbon in the soils from the dump in Turów.
Interpretation of Results
To assess the scale of carbon accumulation and compare it with the properties of the sites, an analysis covering the present state of the litter mass, the carbon contained in the litter, and the mineral layer of soils as well as the analysis of factors influencing the increase of the pool of organic carbon were carried out, and a perspective of the stabilization of its resources was considered [25] [26] [27] .
Litter
In the case of the studied objects, both the litter mass and the content of the carbon in the litter were clearly higher in Turów than they were in Machów and Bełchatów (Tabs. 3, 4). The model is very approximate, as indicated by the value of the coefficient of determination (R 2 = 0.56, average coefficient in five-fold validation R 2 = 0.51), among others. This indicates that the accumulation of the litter changes with age and that it is lower in the case of birch Betula and alder-ash Alnus-Fraxinus tree stands. Similar conclusions can be drawn from the other model approximating the estimation of the mass of carbon contained in the litter.
Content of Organic Carbon in Soil Profile (Mineral Formations)
The mass of the organic carbon [Mg • ha −1 ] averaged per one centimeter of the profiles changes with the depth and varies at each of the studied objects (Tab. 5). The first five-centimeter layer with the highest C mass was determined in the grounds of the Machów dump, followed by the Turów dump. The lowest value was measured at the Bełchatów dump (Tab. 5). One can draw the conclusion that time is less important in the process of accumulation than the lithology of the grounds and probably the species differences of the tree stands (Tab. 1, Fig. 1 ). This is also indicated by the MARSpline model constructed in the same manner as the accumulation of carbon in the profile:
where:
C Lay -mass of organic carbon in soil layer 1 cm [Mg • ha −1 ], BF1 = 1 for soil layer 0-5 cm and 0 in other cases, BF2 = 1 for object Machów and 0 in other cases, BF3 = 1 for soil layer 5-10 cm and 0 in other cases, BF4 = 1 for object Turów and 0 in other cases.
The determination coefficient for the model is R 2 = 0.67 (average coefficient in five-fold validation R 2 = 0.60)
Assessment of Increase in C Resources in Mineral Formations
The present state of the organic carbon stock in the mine soils represents a very early phase of the soil-formation process. As indicated by the data in Table 6 , the objects of Machów and Turów are now characterized by a similar level of C accumulation, significantly higher than the average level in Bełchatów. The variability of the carbon mass per hectare in Bełchatów is much higher than in both of the other objects. There are also visible differences in the rate of the organic carbon stock increase in the studied objects (Tab. 7). These can be the result of the variability of the sites (grounds) or differences in the species composition of the forest stands. The regression obtained by the use of MARSpline algorithm is the expression of the differences observed in the studied case of the three reclaimed objects. The model takes on the following form:
where: ΔC -average annual increase in pool of organic carbon in 0-30 cm layer [Mg • ha −1 • year −1 ], BF1 = 1 for alder-ash stand (Alnus glutinosa + Fraxinus excelsior) and 0 in other cases, BF2 = max(0, Age -11), Age -age of the stand [years], BF3 = 1 for ash stand (Fraxinus excelsior) and 0 in other cases, BF4 = max(0, 7.384 -Clitt), Clitt -mass of organic carbon in litter [Mg • ha −1 ], BF5 = 1 for position on slope and 0 in other cases.
The models allow for distinguishing factors that probably influenced the average increase in the organic carbon mass. Considering the large variability of the phenomenon, the compliance of the model with the observation data (R 2 = 0.64, average coefficient in five-fold validation R 2 = 0.59, Fig. 2 ) can be regarded as satisfactory. At the same time, one should remember its limitations. Observations of the positive influence that the ash tree stands and ash-alder tree stands had on the rate of the SOC pool increase in the soils are also confirmed by the graph in Figure 3 . These observations corroborate the results of the monitoring of forests in Poland [13, 28, 29] . 
Sequestration Potential of Reclaimed Grounds
The present study was only aimed at determining the accumulated carbon in the soils and did not include the C stored in the plants and soil organisms. In an assessment of the C stocks, the dominant view is that there is a certain level of SOC that will not be exceeded under particular climatic conditions and particular soil properties nor under the constant conditions of plantation and fertilization [3, 27, 29, 30] . In some publications and reports, there is data referring to the resources of organic carbon accumulated in the forest soils of Poland and Germany [29, 31, 32] that could be treated as representative of the moderate climate. The average stock of SOC per ha of the studied tree stands varied between 50 and 114 Mg • ha −1 (depending on the habitat structure). One can assume that the proper reference points for the reclaimed areas can be at SOC levels of about 60 Mg • ha −1 for coarse formations, about 90 Mg • ha −1 for medium formations, and about 110 Mg • ha −1 for more-fertile fine formations. Higher values of SOC accumulation can be related to the formation of humid habitats.
Regarding the carbon stock in the studied objects, one can state that the sequestration potential to the state of stabilization of SOC will be about 40-50 Mg • ha −1 for Bełchatów, 80-90 Mg • ha −1 for Machów, and about 60-70 Mg • ha −1 for Turów.
The comparison of the sequestration potential with the observed average annual increase of SOC stocks allows us to estimate the time needed to obtain a stabile carbon stock in the soils. For Bełchatów, this period can be estimated as 80-100 years from now; for Machów, this would take 80-90 years, and for Turów, this would take 100-120 years. These times will probably be longer because the accumulation rate will decrease over time [9, 10, 12, 33, 34] . In the speculations given above, only the carbon stock in the mineral part of the soil was considered. After regarding the carbon contained in the litter (assuming that its part will transform into humus), we obtain some other picture of the carbon stocks in the studied objects ( Fig. 4) .
Constructed for these values, the general model of MARSpline underlines time as a factor that increases the general resource of carbon in the reclaimed soils as well as the localization of the soil on the shelf or slope of the object and the presence of an ash tree stand: 
Conclusions
Other than fossil resources of carbon, the organic carbon stock accumulated in soils is the highest pool of this element on a global scale. Explaining the mechanisms controlling the organic C content in soils is one of the most important research tasks.
An SOC pool increases until achieving the equilibrium state; this is controlled by the properties of the soil, types of vegetation, climatic conditions, and fertilization. The most widely applied method in the modeling of the SOC stock formation is the RothC model of the turnover of soil carbon [35] . This includes five components characterized by a certain susceptibility to decomposition, which is affected by the meteorological conditions and soil organisms. The estimation of the components in soil with a stable SOC stock only requires knowledge about the summary SOC pool and the proportion of plant contribution in the subsequent months. This solution works well under stabile soil conditions.
Assuming the conditions of an equilibrium SOC pool to be 110 Mg • ha −1 , the estimation of the present carbon stock in the studied dumps with the RothC model does not yield results supported by the carried-out observations. There are large differences in both the determined and estimated mean amounts of SOC and in the proportions of the subsequent components. This leads to the conclusion that the use of the model developed for mature habitats does not allow for a reliable estimation of the SOC accumulation in the initial phase of the soil-forming processes.
Obtained based on the carried-out research, the MARSpline models showed that the strongest influence on carbon sequestration during forest reclamation of soilless formations has their lithology (texture), the time is less important. Certain importance can also be attributed to the localization on the slope or on the horizontal surface as well as the species composition, as the carbon accumulation is relatively higher in the ash-alder and ash stands. These tree stands should be preferred on reclaimed objects, at least in the initial phase of reclamation and particularly when the purpose is to maximize the accumulation of carbon in the reclaimed soils.
Obtaining stable SOC levels at all of the studied objects will last for a long time (no less than 80-120 years). Until that time, the potential of CO 2 sequestration by these reclaimed mine soils can be from 2.2 to about 3.6 Mg • ha −1 • year −1 . This relatively small amount has a different scale due to the large surfaces covered by dumps in the majority of reclamations for forest management in Poland.
